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Introduction 

The use of coal-water fuels (CWF) for direct firing in heat engines presents 
some challenges because conventional turbine combustors and diesel engines 
require short duration, intense combustion processes. It is generally under- 
stood that burning times required for efficient carbon utilization in these 
systems is a function of the fuel droplet size. For CWF droplets, the early 
stages of heating are critical. Under certain heating conditions, water is 
evaporated from a droplet leaving a relatively slow burning agglomerate of coal 
particles. Under other heating conditions, however, fuel droplets may boil 
explosively producing many small fragments having characteristically shorter 
combustion times. The behavior of CWF in a combustor depends on a number of 
factors including droplet size, the amount and size distribution of coal parti- 
cle inclusions, and the primary mode and rate of droplet heating. A detailed 
knowledge of slurry droplet evaporation mechanisms is required, therefore, for 
accurate prediction of slurry droplet combustion times and for the design of 
CWF-fired heat engines. 

The objective of this work is to determine the radiant energy flux conditions 
required to achieve explosive boiling of CWF droplets. Radiant heating is 
important because, when considering coal particle sizes typical of highly bene- 
ficiated micronized CWF (2  to 3 microns mean radius) proposed for use in heat 
engine applications, the black body radiation prevalent in combustion environ- 
ments can penetrate into the droplet. The resulting internal heating of coal 
particles can result in superheating of the water within the droplet and thereby 
establish conditions necessary for explosive boiling. 

Experimentally, conditions required to achieve explosive boiling were deter- 
mined by electrodynamically suspending and irradiating single CWF droplets with 
well characterized radiation pulses. Droplet behavior in these experiments was 
monitored using high-speed cinematography. The energy flux required for explo- 
sive boiling was determined at ambient temperature and pressure as a function 
of incident radiation intensity and CWF droplet size and composition. The 
results were then compared with theoretical predictions of the explosive boil- 
ing threshold for CWF droplets in high-temperature black body radiation fields. 
The primary question we wish t]o address is: do sufficient conditions exist, OK 
can they be made to exist, to cause explosive boiling of CWF droplets ranging 
from 20 to 200 microns in diameter in realistic combustor configurations? 

Experimental 

Single CWF droplets were isolated and held in an electrodynamic balance appara- 
tus which was designed and fabricated based on the work of Davis and Ray (1). 
The balance, as illustrated in Figure 1, is a quadrupole trap consisting of two 
hyperboloidal endcap electrodes and a central ring electrode. When an AC volt- 
age is applied between the ring and the two endcap electrodes the resulting 
field has a well defined null point at the geometric center of the balance. 
charged droplet in the electric field is subject to a time averaged force 
directed toward the null point. The droplet is held at the null point by 
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applying a DC f i e l d  ac ross  t h e  endcap e l ec t rodes  t o  counterbalance g r a v i t a -  
t i o n a l  f o r c e s .  

CWF drop le t s  a r e  de l ive red  t o  t h e  ba lance  chamber from a CWF d r o p l e t  genera tor  
developed s p e c i f i c a l l y  f o r  use  i n  these  experiments.  The b a s i c  device c o n s i s t s  
of a c y l i n d r i c a l  p i e z o e l e c t r i c  t ransducer  element wi th  a c a p i l l a r y  tube  a t tached  
t o  one end and a f u e l  supply l i n e  a t t ached  t o  t h e  o the r .  The ope ra t ing  p r i n c i -  
p l e  i s  the  same a s  t h a t  used i n  i n k - j e t  p r i n t e r s .  Voltage pu l ses  appl ied  t o  
the  t ransducer  cause sudden volume con t r ac t ions  which fo rce  f u e l  through t h e  
c a p i l l a r y  o r i f i c e .  The ex t ruded  f u e l  forms a monodisperse stream of d rop le t s  
of uniform composition wi th  t h e  d r o p l e t  s i z e  being determined by the  c a p i l l a r y  
diameter and by t h e  amplitude and du ra t ion  of t h e  vo l t age  pu l ses .  D e t a i l s  of 
t he  design and ope ra t ing  c h a r a c t e r i s t i c s  of t he  CWF d r o p l e t  genera tor  a r e  pro- 
vided elsewhere ( 2 ) .  Drople ts  a r e  induc t ive ly  charged by pass ing  the  d rop le t  
stream through an  o r i f i c e  i n  a charged p l a t e  p r i o r  t o  de l ive ry  i n t o  t h e  e l ec -  
trodynamic ba lance  chamber. 

The droplet  marr t c  charge  r a t i o  (m/q) is d i r e c t l y  p ropor t iona l  t o  t he  DC voi- 
t age  required t o  b r i n g  t h e  d r o p l e t  t o  t h e  n u l l  p o i n t .  For CWF d rop le t s  the  
mass (and so m/q) i s  cont inuous ly  changing due t o  water evapora t ion  and the  
balance vol tage  must be ad jus t ed  t o  hold t h e  d r o p l e t  a t  t h e  n u l l  po in t  during 
an  experiment.  To f a c i l i t a t e  d r o p l e t  p o s i t i o n  c o n t r o l  and t o  provide  accura te  
and p rec i se  measurements of changes i n  d r o p l e t  s i z e  and mass, a microprocessor 
con t ro l l ed ,  d r o p l e t  imaging system (DIS) was developed. The DIS u t i l i z e s  a 
Vidicon (video camera) d e t e c t o r  t o  monitor d r o p l e t  p o s i t i o n  and s i z e .  
p rocessor  scans  t h e  v id i con  every  1 7  m s  and image process ing  techniques a re  
employed t o  determine the  d r o p l e t  l o c a t i o n  and s i z e .  A c o n t r o l  s i g n a l  i s  then 
generated t o  main ta in  d r o p l e t  p o s i t i o n  a t  t h e  balance n u l l  p o i n t .  D i g i t a l  
va lues  corresponding t o  d r o p l e t  c ros s - sec t iona l  a r e a  and ba lanc ing  vo l t age  
(propor t iona l  t o  d r o p l e t  mass) a r e  genera ted  a t  a r a t e  o f  60 Hz. The d rop le t  
s i z e  information is used t o  t r i g g e r  t h e  high-speed camera and t o  a c t i v a t e  the  
pulsed r a d i a t i o n  ( l a s e r )  source .  I n  a d d i t i o n ,  d r o p l e t  d iameter ,  mass and com- 
p o s i t i o n  (percent  c o a l  by mass) a r e  determined from t h e  d r o p l e t  s i z e  and 
balance con t ro l  d a t a .  F igure  2 i l l u s t r a t e s  t he  c a p a b i l i t i e s  of t h e  DIS f o r  
d r o p l e t  s ize  and mass de te rmina t ion .  The da ta  shows t h e  s t rong  dependence of 
t he  d rop le t  mass wi th  changing d r o p l e t  r ad ius .  Since d r o p l e t  dens i ty  increases  
a s  water evapora tes  from t h e  CWF, t h e  d r o p l e t  mass dependence dev ia t e s  s l i g h t l y  
from the  r3 r e l a t i o n s h i p  expected f o r  a cons tan t  d e n s i t y  d r o p l e t .  
dence i n t e r v a l  (95 percen t )  f o r  d r o p l e t  s i z e  r e so lu t ion  wi th  t h e  DIS is  
f 3 microns f o r  d r o p l e t s  ranging i n  diameter from 50 t o  200 microns. The 
confidence i n t e r v a l  f o r  mass r e s o l u t i o n  i s  2 50 nanograms. 

The CWF used i n  these  experiments was a phys i ca l ly  bene f i c i a t ed  (3 percent  ash) 
micronized (3 micron mean p a r t i c l e  r ad ius )  s l u r r y  having a composition of 
62 percent  c o a l  by mass. 
(1 t o  20 percent  coa l  by mass) d r o p l e t  was de l ive red  t o  t h e  balance chamber. 
The d rop le t  s i z e  and weight were monitored by t h e  DIS u n t i l  a p re se l ec t ed  s i z e  
was a t t a i n e d .  
pu lsed .  

CWF d r o p l e t s  d e l i v e r e d  t o  t h e  ba lance  chamber were on t h e  order  of 250 microns 
i n  diameter.  Droplet  size and composition were c o n t r o l l e d  by changing t h e  
i n i t i a l  coa l  composition i n  t h e  d r o p l e t  and by c a r e f u l l y  monitoring t h e  water 
evaporation. In t h i s  manner d r o p l e t  s i z e s  (50 t o  200 microns i n  diameter) and 
compositions (50 t o  70 percen t  coa l  by mass) of i n t e r e s t  f o r  combustion appl i -  
ca t ions  could be e a s i l y  accessed .  

A micro- 

The confi-  

During a t y p i c a l  experiment a water  o r  d i l u t e  CWF 

The high-speed movie camera was then  a c t i v a t e d  and the  l a s e r  was 
A schematic of t h e  experimental  conf igu ra t ion  is provided i n  Figure 3 .  

, 

46 



Resul t s  

Experiments were conducted us ing  an eximer l a s e r  (wavelength 0 . 2 4 8  microns) t o  
determine explos ive  b o i l i n g  th re sho lds  f o r  water and CWF d r o p l e t s  a t  r a d i a t i o n  
Pulse  times of 10 nanoseconds. 
composition and r a d i a t i o n  i n t e n s i t y .  S ing le  d r o p l e t s  of water and CWF (25  and 
50 percent  coa l  by mass) wi th  r a d i i  of 2 5 ,  5 0 ,  and 75 microns were i r r a d i a t e d  
from two s i d e s  ( see  F igure  3 ) .  
then  was twice A r 2  and t h e  inc iden t  r a d i a t i o n  i n t e n s i t y  was va r i ed  from 
2 . 5  x lo7  W/cm2 t o  5 x 10' W/cm2 by defocussing t h e  l a s e r  beam. 
in t ense  r a d i a n t  hea t ing  condi t ions  t h e  beam c ross  s e c t i o n  was l a r g e r  than 
300 microns so t h a t  i n  a l l  cases  t h e  d rop le t s  were completely b lanketed  by the  
inc iden t  r ad ia t ion .  

The r e s u l t s  of experiments performed on CWF d r o p l e t s  conta in ing  5 0  percent  coa l  
by mass a r e  presented  i n  F igure  4 .  
context  o f  F igure  5 .  
i o r  var ied  from o s c i l l a t o r y  d i s t o r t i o n s  t o  v i o l e n t  fragmentation a s  t h e  r ad ian t  
i n t e n s i t y  was increased .  The onse t  of fragmentation occurred over a narrow 
range of i n t e n s i t i e s  from about 5 x l o 7  t o  1 . 5  x 10' W/cm2 . Figure  5 shows 
high speed f i lm  records  f o r  75 micron r ad ius  d r o p l e t s  conta in ing  50 percen t  
coa l  by mass. The framing r a t e  was 5 , 0 0 0  frames p e r  second. F igure  5A i l l u s -  
t r a t e s  t h e  o s c i l l a t o r y  behavior observed f o r  t hese  d r o p l e t s  when i r r a d i a t e d  a t  
an i n t e n s i t y  of 2 . 5  x l o7  W/cm2. 
mentation was observed. Lower r a d i a t i o n  i n t e n s i t i e s  r e su l t ed  i n  no observable 
fragmentation o r  o s c i l l a t i o n .  
5 x lo7 W/cm2 (Figure 5B)  d r o p l e t  fragmentation was observed. The f i r s t  frame 
i n  sequence 5B shows t h e  CWF d r o p l e t  p r i o r  t o  i n i t i a t i o n  of t h e  r a d i a t i o n  pu l se .  
The second frame of t h e  sequence shows t h e  d r o p l e t  0 . 2  m s  l a t e r ,  a f t e r  t h e  
l a s e r  pu l se .  
poss ib l e  growth of vapor bubbles wi th in  t h e  d r o p l e t .  However, t h e  time reso lu-  
t i o n  ava i l ab le  was no t  s u f f i c i e n t  t o  conclus ive ly  show t h e  ex i s t ence  of vapor 
bubbles.  
sphere  and the  formation of f u e l  "ligaments" a t t ached  t o  a c e n t r a l  d r o p l e t  
core .  This i s  followed by t h e  breakup of t h e  d r o p l e t  t o  form t h r e e  fragments.  
A t  t h i s  r ad ian t  hea t ing  i n t e n s i t y  we c o n s i s t e n t l y  observed t h e  formation of one 
o r  two smal l  s a t e l l i t e  fragments and a l a r g e r  core  d r o p l e t .  Af t e r  breakup, the  
fragments moved with a minimum v e l o c i t y  of 1 m / s .  F igure  5 C  i l l u s t r a t e s  t h a t  
a s  t h e  r ad ian t  i n t e n s i t y  was increased  t o  1 . 2  x 10' W/cm2 t h e  fragmentation of 
t h e  d rop le t s  was more v i o l e n t  r e s u l t i n g  i n  t h e  formation of many smal l  f u e l  
d rop le t s  having minimum v e l o c i t i e s  ranging from 0 . 5  t o  2 m / s .  A t  h ighe r  r ad i -  
a n t  i n t e n s i t i e s  (Figure SO) ,  fragmentation was ev iden t ,  however, d r o p l e t  f r ag -  
ments had v e l o c i t i e s  i n  excess  o f  3 m / s  and r e s o l u t i o n  of d r o p l e t  fragments was 
poor.  

Based on t h e  d i f f e r e n t  behavior ev ident  i n  t h e  high-speed f i lm  records  modes of 
d rop le t  behavior have been a r b i t r a r i l y  def ined  as :  NF, no f ragmenta t ion  of t he  
d r o p l e t s ,  F ,  fragmentation of t h e  d rop le t s  t o  form a few r e l a t i v e l y  l a r g e  drop- 
l e t  fragments, and EF, explos ive  fragmentation of t h e  d r o p l e t  t o  produce many 
small  d rop le t  fragments. F igure  4 summarizes the  r e s u l t s  of experiments us ing  
CWF d rop le t s  conta in ing  50 percent  coa l  by mass. 
r ep resen t s  t h e  t h e o r e t i c a l  p red ic t ions  of S i t a r s k i  ( 3 - 5 )  f o r  explos ive  b o i l i n g  
th re sho lds  f o r  CWF d r o p l e t s  exposed t o  high-temperature b l ack  body r a d i a t i o n .  
The t h e o r e t i c a l  p red ic t ions  i l l u s t r a t e d  i n  F igure  4 have been modified t o  
r e f l e c t  t h e  f a c t  t h a t  t h e  d rop le t s  were i r r a d i a t e d  from two s i d e s  wi th  a geo- 
metric c ross  s e c t i o n  of 2 A r 2 .  F igure  4 i l l u s t r a t e s  t h a t  explos ive  b o i l i n g  
th re sho lds  decreased a s  d r o p l e t  s i z e  was reduced. Experiments performed on 
drop le t s  with 25 percen t  coa l  by mass showed a s i m i l a r  t r end  wi th  decreas ing  

The t e s t  v a r i a b l e s  included d r o p l e t  s i z e  and 

The geometric c ros s  s e c t i o n  of t he  d rop le t s  

A t  t h e  most 

The r e s u l t s  can b e s t  be descr ibed  i n  t h e  
Over t h e  range of condi t ions  employed CWF d r o p l e t  behav- 

A t  t h i s  r a d i a n t  i n t e n s i t y  no d r o p l e t  f r ag -  

When the  r a d i a n t  i n t e n s i t y  was increased  t o  

The d r o p l e t  appears t o  be a l a r g e  p ro la t ed  sphere  sugges t ing  the  

The t h i r d  frame i n  t h e  sequence shows t h e  co l l apse  of t h e  p ro la t ed  

The dashed l i n e  i n  t h e  f i g u r e  
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drop le t  s i z e .  Within t h e  e r r o r  of t h e  experiment t h e r e  was no observable d i f -  
fe rence  between t h e  behavior  of CWF d r o p l e t s  a s  t h e  coa l  loading  was increased  
from 25 t o  50 percen t  c o a l  by mass. The presence of coa l  i n  t h e  d rop le t  d i d  
p lay  an important r o l e ,  however. Pure water  d r o p l e t s  showed no evidence of 
o s c i l l a t i o n  o r  f ragmenta t ion  a t  r a d i a t i o n  f luxes  o f  5 x lo8 W/cm2 and below. 
This observa t ion  is  c o n s i s t e n t  wi th  t h e  f a c t  t h a t  pure water i s  e s s e n t i a l l y  
t ransparent  t o  r a d i a t i o n  a t  0.248 micron wavelength. 

Discussion 

The theory developed by S i t a x s k i  ( 4 )  assumes t h a t  e lec t romagnet ic  r a d i a t i o n  i s  
absorbed uniformly w i t h i n  t h e  d r o p l e t  caus ing  s t r o n g  superhea t ing  of t h e  l i q u i d  
a t  t h e  center  of t he  d r o p l e t  where thermodynamic condi t ions  approach those on 
t h e  spinodal l i n e .  
temperature then l e a d s  t o  d i s r u p t i o n  of t h e  d r o p l e t .  The experimental  observa- 
t i o n s  a re  cons i s t en t  w i th  t h i s  phys i ca l  d e s c r i p t i o n  of t h e  explos ive  b o i l i n g  
phenomena and t h e  agreement between the  exper imenta l ly  determined thresholds  
f o r  explosive f ragmenta t ion  a r e  i n  e x c e l l e n t  agreement wi th  t h e  explos ive  b o i l -  
iug thresholds p red ic t ed  by S i c a r s k i .  

Two a l t e r n a t i v e  mechanisms f o r  d r o p l e t  breakup were a l s o  cons idered .  They were 
the  e f f e c t  of r a d i a t i o n  p res su re  and t h e  p o t e n t i a l  f o r  s i g n i f i c a n t  i on iza t ion  
and plasma formation. Ca lcu la t ions  were performed t o  eva lua te  t h e  r a d i a t i o n  
pressure  a s soc ia t ed  w i t h  t h e  l a s e r  pu l se .  The momentum imparted t o  t h e  d rop le t  
due t o  the  l i g h t  p re s su re  was found t o  be t w o  o rde r s  of magnitude lower than  
t h e  observed momentum (determined from t h e  v e l o c i t y  of t h e  fragments).  There- 
f o r e ,  the  c o n t r i b u t i o n  due t o  r a d i a t i o n  p res su re  was i n s i g n i f i c a n t .  A t  r ad ia -  
t i o n  i n t e n s i t i e s  s i m i l a r  t o  those  employed i n  the  p re sen t  s tudy ,  plasma 
formation has been observed f o r  ae roso l  p a r t i c l e s  i n  a i r  (6, 7 ) .  The accom- 
panying l a s e r  breakdown depends on a number of f a c t o r s  inc luding ,  t he  r a d i a t i o n  
wavelength, i n t e n s i t y  and pu l se  time and t h e  o p t i c a l  p r o p e r t i e s  and s i z e  of the  
ae roso l  p a r t i c l e s .  Plasma formation and growth i s  usua l ly  accompanied by a 
c h a r a c t e r i s t i c  f l a s h  of l i g h t  followed by a n  a c o u s t i c  p re s su re  pu l se  (shock 
wave) as  t h e  plasma c loud  expands a t  a r a t e  of 2 t o  3 km/s. 
r ad ian t  hea t ing  cond i t ions  repor ted  i n  F igure  4 t h e r e  were no observa t ions  
supporting t h e  formation of a plasma cloud. A t  r a d i a t i o n  i n t e n s i t i e s  above 
lo9  W/cm2, however, t h e  c h a r a c t e r i s t i c  s i g n s  of plasma formation were ev ident .  

The sudden b u r s t  of vapor bubbles produced a t  t h e  sp inodal  

Over the  range of 

Conclusion 

Capab i l i t i e s  have been developed t o  determine r a d i a n t  i n t e n s i t i e s  required t o  
achieve explos ive  b o i l i n g  (secondary a tomiza t ion)  of CWF d r o p l e t s  of w e l l  
def ined  s i z e  and composition. 
b o i l i n g  th re sho lds  f o r  CWF drop le t s  a t  s h o r t  du ra t ion  h igh  i n t e n s i t y  r ad ian t  
hea t ing  condi t ions .  
t i t a t i v e l y  i n  good agreement wi th  t h e o r e t i c a l  p r e d i c t i o n s  f o r  explos ive  bo i l ing  
thresholds .  A t t e n t i o n  has now been d i r e c t e d  toward applying these  techniques 
t o  make measurements o f  explos ive  b o i l i n g  th re sho lds  a t  r a d i a t i o n  wavelengths 
i n  t h e  in f r a red  r eg ion  of t h e  energy spectrum wi th  mi l l i second hea t ing  t imes t o  
address  condi t ions  which a r e  r ep resen ta t ive  of combustion app l i ca t ions .  

The system has been used t o  determine explosive 

The experimental  r e s u l t s  a r e  both q u a l i t a t i v e l y  and quan- 
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Figure 1 .  Electrodynamic Balance Apparatus 
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Figure 2 .  Droplet Mass and S ize  Resolution Capabi l i t ies  
for an Evaporating CWF Droplet 
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Figure 3. Experimental Configuration for Explosive Evaporation Studies 

EF’ 

F 

NF 

/ 

I 

25 50 75 

DROPLET RADIUS (microns) 

Figure 4. CWF Droplet Response as a Function of Radiant 
Heating Intensity at 10 ns Heating Time 
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Figure 5 .  High-speed Motion Picture Records of CWF Droplet Response t o  
Radiant Intens i ty:  High-Intensity Radiant Heating. A - 2 . 5  x IO’ W/cm2, 

B - 5 x lo’ W / c m P ,  C - 1 . 2  x IO8 W/cm2, D - 2 . 5  x lo8 W/cm2. 
Framing Rate of 5000 f p s .  
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